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SEALED FLASK TEST FOR EVALUATING THE 
SELF-HEATING TENDENCIES OF COALS 

By Yael Miron,1 Alex C. Smith,2 and Charles P. Lazzara3 

ABSTRACT 

This report describes laboratory studies by the U.S. Bureau of Mines to determine the suitability of 
a static oxygen (OJ adsorption test for evaluating the self-heating tendencies of coals. Reliable 
minimum self-heating temperature (SHT) values from adiabatic oven tests were used as standards for 
comparison and evaluation. 

A suite of six coals was tested in the adiabatic oven and in sealed flasks. In the latter tests, both 
undried and dried samples, in a range of four particle sizes, were examined. Miniature pressure trans
ducers monitored pressures in the flasks, and gas samples taken at the end of the tests quantified all the 
gases present. 

An excellent correlation was found between the minimum SHT's and amounts of O2 adsorbed over 
a 7-day period for dried coals, independent of particle size. In addition, a good correlation was obtained 
between the minimum SHT's and pressure changes in the flasks at the end of the test for the same 
coals, also independent of particle size. Based on these results, the sealed flask test can be reliably used 
to determine the self-heating tendency of a bituminous coal sample. 

lChemicai engineer. 
2Research chemist. 
3Supervisory research chemist. 
Pittsburgh Research Center, U.S. Bureau of Mines, Pittsburgh, PA 



INTRODUCTION 

Spontaneous combustion in underground coal mines i:: 
highly hazardous because it can result in fires, loss of life, 
and loss of the mines involved. In large part, the danger 
associated with spontaneous combustion of coal inside 
mines is due to the nature of the self-heating process and 
to the location in which it starts, namely, inside gobs or 
piles of coal where it is hidden from sight. In many cases, 
heatings due to spontaneous combustion are not detected 
until they have reached a dangerous stage, whereby the 
coal has attained high temperature and is emitting smoke 
and even glowing. 

Over the years, many studies have been conducted in 
order to identify the main causes of spontaneous com
bustion of coal and to find means for preventing its 
occurrence and alleviating its effects. It is now well known 
that the main cause of spontaneous combustion is the exo
thermic adsorption of O2 and moisture by the coal. When 
the rate of heat released by the coal is higher than the rate 
of dissipation of this heat to the surroundings, the 
temperature of the coal rises and thermal runaway can 
eventually occur. Many factors, both intrinsic and 
extrinsic, including coal rank, particle size and size 
distribution, moisture content of coal, ventilation rate, 
partial pressure of O2, percent humidity, geology of seam, 
and mining practices, combine to contribute to the 
spontaneous combustion process. Since the initial stages 
of self-heating are not easily detected, it is essential to 
identify the coals that are highly susceptible to self-heating 
so as to be able to take precautionary steps to prevent the 
occurrence of fires. 

Various test methods are used to assess the relative 
tendencies of coals to self-heat. These methods include 
crossing point temperature (CPT) (1),4 differential ther
mal analysis (2), adiabatic calorimetry (3-9), and O2 

adsorption, among others (10-19). These tests all have 
advantages and drawbacks, as far as duplicating actual 
mine conditions during the development of spontaneous 
combustion events. Some of the tests have been examined 
and evaluated in detail as to their accuracy and validity 
(20-25). Although it is recognized that coal oxidation is 
only one factor in the development of spontaneous 
combustion and that mining factors are significant in 
determining whether spontaneous combustion will occur in 
a mine (26-28), it is still· useful to assess the relative 

4ltalic numbers in parentheses refer to items in the list of references 
at the end of this report. 

susceptibility of a coal to self-heat, especially as a guide to 
selecting mining methods and procedures. 

Two test methods have been used extensively by the 
U.S. Bureau of Mines, as well as by others, to examine the 
self-heating of coal-adiabatic calorimetry and static O2 

adsorption (3-4). Minimum SHT's, ranging from 35° to 
135° C, were determined in the Bureau's adiabatic oven 
for various coals. The minimum SHT is the minimum 
initial temperature that produces a sustained exothermic 
reaction at the conditions of the test in the adiabatic oven. 
The SHT's were then used to rank the relative self-heating 
potentials of the coals, and an empirical expression was 
derived that predicts a bituminous coal's minimum SHT in 
the adiabatic oven based on the coal's dry ash-free O2 

content (4). 
The other test used widely over the years at the Bureau 

to measure the reactivity of coal is static O2 adsorptiun (3). 
In this test, a coal sample is placed in a sealed flask and 
gas samples are withdrawn daily for analysis. The results 
are then used for the determination of the rates of O2 ad
sorption. This method has the drawback that when the 
volume of the flask is small, frequent removal of samples 
depletes available O2 and also complicates calculations. 
An alternative method is to measure the amount of O2 ad
sorbed by a specified mass of coal in a specwed time at 
wruch a quasi:-equilibfium has been established. Since the 
rates and amounts of O2 adsorbed have been found to be 
a function of coal composition and its content of organic 
oxygen moieties, this test could be used as a relative 
measure of the reactivity of the coal. Although heat 
release rates by the coal samples are not measured in this 
test, the implicit assumption is that the rate of heat 
generation is proportional to the amount of O2 adsorbed 
by the coal. The organic oxygen groups that are the main 
sites for O2 adsorption (29) have also been correlated with 
the minimum SHT's of bituminous coals determined in the 
adiabatic oven. Thus, both tests, adiabatic calorimetry and 
static O2 adsorption, essentially measure the same 
parameter-the active oxygen-containing sites on the coal. 

To determine the minimum SHT of a coal, at least two 
tests in the adiabatic oven are required, and at times, three 
or four tests have to be conducted. These tests are quite 
lengthy, and in addition, the coal has to be shipped from 
the mine to the laboratory. It would be useful to have a 
simple and reliable test to assess the tendency of a coal to 
self-heat, which could be conducted at the mine and could 
be used to predict the minimum SHT of the coal. 
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As part of its program to improve safety in mining, the 
Bureau conducted this research to fInd if any or some of 
the parameters determined in the sealed flask tests 
correlate with the minimum SHT values determined in the 
adiabatic oven for the same coals. These SHT values have 
been shown to be reliable and reproducible predictors of 
the self-heating tendency of a coal. Finding a good 

3 

correlation, the sealed flask test could then be modified 
for use in the field. 

A suite of six bituminous coals with minimum SHT 
values ranging from 3SO to 10So C was selected for the 
tests in the adiabatic oven and in sealed flasks adapted for 
these tests. 

TEST MATERIALS, 

Fresh coal samples from the various mines were se
lected by the mine personnel. The samples consisted 
mostly of large lumps, 10 to 20 cm in size. These samples 
were shipped inside plastic bags that were tightly sealed to 
exclude air. The coals were selected on the basis of re
sults of previous adiabatic oven tests with coals from the 

same mines to cover a wide range of self-heating poten
tials and ranks of coal. The minimum SHT's o~ these 
coals, determined in earlier tests, varied froill 3SO to 
13SO C (4). The coals and their analyses are listed in 
table 1. 

ADIABATIC OVEN STUDIES 

EXPERIMENTAL PROCEDURES 

The relative self-heating tendencies of the six coal 
samples were evaluated in the adiabatic oven. Figure 1 is 
a schematic of the oven and sample container. The oven 
is designed to minimize heat losses from the coal sample 
during the self-heating stage of the test. 

The sample is contained in a cylindrical brass wire 
mesh basket, 7.6 cm in diameter by S cm high, which is 
enclosed in a stainless steel assembly. Preheated, huniidi
fied air enters the bottom of the assembly, passes through 
the sample, and exits at the top. A stainless steel cylinder 

surrounded by a nickel-chromium wire resistance heater 
serves as the sample oven. The cylinder surrounds the 
sample assembly and is attached to an insulated top cover 
in which another resistance-type heater, wired in parallel 
to the sample oven, is located. 

The oven assembly is contained in a lS-cm-ID Dewar 
flask that is surrounded by a S-cm layer of insulation in 
which another heater is embedded. The apparatus is in
strumented to record sample and oven temperatures and 
O2 and carbon monoxide (CO) concentrations in the exit 
gas stream. A more detailed description of the apparatus 
is found in an earlier report (4). 

Table 1.-Analyses of coal samples as received, by order of minimum SHT 

No. SO, F, No.6, Pittsburgh, Mary Lee, Pocahontas 3, 
WV CO IL PA AL VA 

Proximate analysis, 
wt pet: 

Moisture ............. 10.3 10.4 7.9 1.8 1.2 0.9 
Volatile matter ........ 39.1 38.9 34.6 38.1 26.5 17.6 
Fixed carbon ......... 46.2 42.1 36.1 55.7 60.4 78.3 
Ash .............. I. 4.4 8.7 21.4 4.4 12.0 3.2 

Ultimate analysis, 
wt pet: 

Hydrogen ............ 5.7 5.8 4.9 5.5 4.7 4.5 
Carbon . .. ........ .. . 64.7 61.8 53.7 79.4 76.1 87.4 
Nitrogen .. .•.• . ...... 1.6 1.3 1.1 1.6 1.8 1.2 
Sulfur ..........•. . •. 0.4 0.3 5.2 1.1 1.1 0.6 
Oxygen ..... . ... .. . . 23.2 22.2 13.6 8.0 4.4 3.1 
Oxygen, DAF ......... 16.5 16.0 9.3 6.8 3.8 2.4 

Heating value, .. Btu/lb 11,270 10,861 9,804 14,109 13,469 14,Y88 

DAF Dry ash-free. 
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Gas inlet t Gas outlet Insulation 

""'-''J' __ -t-- Top heater 

Thermocouples --t~~~tml~tiJr:!=::S~~ 
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Figure 1.-5chematlc of adiabatic oven. 

The evaluation of the self-heating tendency of a coal by 
the determination of the coal's minimum SHT was made 
using a set of standard experimental conditions and 
methods described in reference 4. These conditions were 
determined to be the most stringent conditions for self
heating to occur in the adiabatic oven. The lump coal, 
received fresh from the mine, was pulverized and the 
minus 100- plus 2OO-mesh (150 by 75 ~m) fraction was 
dried in an oven at 61" C under a flow of dry nitrogen 
(NJ. A 100-g sample was placed in the adiabatic oven 
and brought to a preselected initial temperature under a 
2oo-cm3 f min flow of dry N2• The coal was then exposed 
to a 200-cm3 f min flow of humidified air. A series of tests 
was made, each test with a fresh sample, in SO C in
crements, until the minimum initial temperature that 
produced a sustained exothermic reaction, or thermal 
runaway, was determined. 

EXPERIMENTAL RESULTS 

The minimum SHT's and relative self-heating tend
encies of the six coals are listed in table 2. The 

temperatures ranged from 35° C for the No. 80 and 
F coals to 105° C for the Mary Lee and Pocahontas 
3 coals. The relative self-heating tendencies were assigned 
based on the criteria determined in reference 4: (1) a 
high self-heating tendency for coals with minimum SHT's 
<700 C, (2) a medium self-heating tendency for coals with 
minimum SHT's between 70° and 100° C, and (3) a low 
self-heating tendency for coals that have minimum SHT:s 
> 1000 C. The minimum SHT's are a relative measure of 
the self-heating tendency of the coal only and do not take 
into account other important contributing factors asso
ciated with the spontaneous combustion process in actual 
mining conditions. 

Figure 2 shows the temperature-time traces of the tests 
to determine the minimum SHT of the F coal. At a start
ing temperature of 30" C, there was a rise in the coal sam
ple temperature to 76° C in about 10 h after exposure to 
moist air. The temperature then leveled off and eventually 
the sample cooled. In another test, with a fresh sample at 
an initial temperature of 35° C, the sample temperature 



increased steadily, reaching thermal runaway (1500 C) in 
just over 20 h. The test was terminated at 1500 C to 
protect the apparatus. The effect of increasing the initial 
temperature is seen in the third curve. From an initial 
temperature of 400 C, the sample self-heated in just 8 h, 
showing the dependence of the coal oxidation rate on 
temperature. Thus, the minimum SHT of the F coal was 
350 C. 

Table 2.-Mlnlmum SHr s of coal samples evaluated 
In adiabatic oven and their relative 

self-heating tendencies 

Coal sample 

No. 80 . ...... . 
F ........... . 
No. 6 .... . ... . 

Apparent 
rankl 

hvCb 
hvCb 
hvCb 

Pittsburg h ..... hvAb 
Mary Lee ...... mvb 

Minimum 
SHT, "C 

35 
35 
SS 
85 

105 

Relative self-
heating tendency 

High. 
Do. 
Do. 

Medium. 
Low. 

Pocahontas 3 . . . Ivb 105 Low. 

l Rank based on ASTM 0388-82 classification system (30) : hvCb, 
high-volatile C bituminous; hvAb, high-volatile A bituminous; mvb, 
medium-volatile bituminous; Ivb, low-volatile bituminous. 
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Figure 2.-Temperature histories In self-heating tests with 
F coal at Initial temperatures of 30 °, 35", and 40" C. 

SEALED FLASK STUDIES 

EXPERIMENTAL PROCEDURES 

The coal samples were contained in six 500-mL 
Erlenmeyer flasks that were modified to accommodate a 
pressure transducer and a gas sampling port. A ground 
glass socket joint (T28j12) was attached to the flask neck, 
and a matching ball joint was adapted to hold a miniature 
pressure transducer. A short side arm fitted with a 
puncture-type silicon septum was provided for repetitive 
retrieval of gas samples with a fme syringe needle. A test 
flask is shown in figure 3. 

An absolute-type, miniature, solid-state piezoresistive 
pressure transducer (Omega PX 136)5 was used to mea
sure the pressure in the flask. The output was in millivolt 
units, with 100 m V equal to 775.5 mm Hg (15 psia). The 
pressure range of the transducer is 0 to 15 psia, but it can 
sustain an overpressure of 45 psi. Push-on connectors with 
crimp contacts attach to the four terminals (interface pins) 
on the transducers to supply them with 10-V dc power and 
at the same time to transmit the millivolt output to a 
digital transducer indicator. Power was continuously 
supplied to the six transducers while output was read, as 

5Reference to specific products does not imply endorsement by the 
U.S. Bureau of Mines. 

desired, from each pressure transducer, one at a time with 
a 10-position rotary switch. The complete assembly of the 
six flasks with instrumentation is shown in figure 4. 

Samples for the tests were freshly ground, as needed, in 
a general-purpose grinding mill and then sieved to the 
desired size fractions. In tests with undried samples, the 
coal was ground and sieved, and 50-g samples were sealed 
in the flasks with as little delay as possible. Pressure 
readings were taken before and immediately after the 
flasks were sealed, and thereafter, at various intervals, 
depending on the rate of pressure change. Tests were 
conducted in triplicate, and two size fractions were tested 
at the same time, for a total of six samples. Pressures in
side the flasks and ambient temperature were monitored 
for 7 days. At the end of the test period, gas samples 
were taken from each flask for analysis by gas chroma
tography. The flasks were then emptied and cleaned in 
preparation for fresh samples. 

In tests with dried samples, the ground and sieved frac
tions were promptly placed in drying towers and dried to 
a constant weight at 6r C under a flow of dry N2 before 
they were weighed and placed in the flasks. The dried 
samples were then tested in the same manner as were the 
undried samples. 
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Figure 3.-Sealed flask test apparatus. 

The four particle size fractions tested were the fol
lowing: (1) 1,200 by 600 Jim (minus 16- plus 3O-mesh), 
(2) 600 by 300 Jim (minus 30- plus SO-mesh), (3) 300 by 
150 Jim (minus SO- plus 100-mesh), and (4) 150 by 75 Jim 
(minus 100- plus 2OO-mesh) . 

EXPERIMENTAL RESULTS 

Gaseous Compositions 

The parameters determined in the sealed flask experi
ments were the compositions of the gaseous atmospheres 
inside the flasks after 7 days of exposure and the cumula
tive and total pressure drops inside the flasks for the tests' 
duration of 7 days. 

The gaseous compositions found in the flasks after 
7 days for the undried samples are shown in table 3 for 
the six coals, as a function of the size fractions. Dilly 
gases of interest are shown, namely O2, carbon dioxide 
(C02) , CO, methane (CH4), and ethane (C2H6). In addi
tion, the amounts of O2 adsorbed and CO index values are 
also presented, where the CO index is the ratio of CO 
released in parts per million to O2 adsorbed in volume 
percent. The values are the averages calculated for the 
sets of triplicate samples, which were very reproducible. 

Likewise, the gaseous compositions found in the flasks 
containing the dried coal samples, as well as the amounts 
of O2 adsorbed and CO index values, are shown in ta
ble 4. Again, the values shown are the average values for 
triplicate samples; these values were very reproducible. 

Figure 4.-Complete sealed flask assembly of six flasks with instrumentation. 
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Table 3.-Average g.s composltJons In sealed flasks containing undrled coal samples after 7 days 

Coal 

sample 

Fraetlon Gas composition O2 

tested, Jlm O2, CO2, 

vol pet vol pet 

No. 80 .... .. . . 1,200 by 600 3.2 0.75 
600 by 300 .7 .75 
300 by 150 .7 .79 
150 by 75 .6 .86 

F .. .. ...... .. 1,200 by 600 2.3 .78 
600 by 300 .3 .93 
300 by 150 .3 .91 
150 by 75 1.3 .87 

No.6 . .. ..... . 1,200 by 600 2.0 .84 
600 by 300 .3 .63 
300 by 150 .3 .52 
150 by 75 .3 .53 

Pittsburgh .. ... 1,200 by 600 15.1 .52 
600 by 300 14.7 .45 
300 by 150 14.3 .42 
150 by 75 14.0 .27 

Mary Lee .. .. . . 1,200 by 600 12.3 .23 
600 by 300 13.2 .21 
300 by 150 18.8 .09 
150 by 75 19.1 .09 

Pocahontas 3 ... 1,200 by 600 19.5 .10 
600 by 300 19.5 .09 
300 by 150 19.8 .09 
150 by 75 19.9 .09 

I CO index = CO, ppm 
O2 adsorbed, vol pet ' 

The results for the undried coal samples were partly 
unexpected (table 3). Four of the coals- F, No. 6, Mary 
Lee, and Pocahontas 3-released significant amounts of 
CH4, and Pocahontas 3 coal also released significant 
amounts of C2H6• The amounts of hydrocarbons released 
by Mary Lee and Pocahontas 3 coals exceeded the 
amounts of O2 adsorbed. The amount of CH4 released by 
the four coals decreased with decreasing particle size. 
Apparently, grinding the coal to the fmer sizes released 
most of the CH4 during the sample preparation phase. 

The amount of O2 adsorbed by either the dried or un
dried coal sam pIes was most significant in this study 
because adsorption of O2 by the coal is the main cause of 
self-heating. The amount of O2 adsorbed by the undried 
samples of No. 80, F, and No.6 coals, as seen in table 3, 
followed a similar pattern. The coarsest fraction adsorbed 
somewhat less O2 than was adsorbed by the three fmer 

CO, CH4, C2H6, adsorbed, CO indexl 
ppm vol pet ppm vol pct 

1,880 0.003 4 17.7 106 
2,123 .002 3 20.2 105 
2,420 .001 3 20.3 119 
2,523 .001 3 20.4 124 

2,863 2.58 304 18.7 153 
3,197 1.70 406 20.6 155 
3,450 .68 316 20.6 167 
3,990 .24 1n 19.7 203 

751 7.33 817 19.0 40 
830 4.97 948 20.7 40 
718 1.84 993 20.7 35 
684 .43 n4 20.7 33 

331 .003 2 5.9 56 
389 .003 2 6.3 62 
495 .003 3 6.7 74 
560 .002 3 6.9 81 

240 16.21 83 8.7 28 
268 13.22 92 7.8 34 
154 3.31 71 2.2 70 
158 1.66 63 1.9 83 

73 3.21 10,367 1.5 49 
67 2.97 12,033 1.4 48 
85 1.89 13,4n 1.2 71 
83 .83 11,367 1.0 83 

fractions; the latter three fractions essentially adsorbed all 
the O2 initially present in the flasks with the exception of 
the fmest fraction of the F coal, which adsQrbed somewhat 
less than the two intermediate fractions. The amount of 
O2 adsorbed by the Pittsburgh coal increased monotonic
ally, but not significantly, with decreasing particle size, 
from 5.9 to 6.9 vol pct from the coarsest to the fmest 
fraction. Finally, the amounts of O2 adsorbed by the Mary 
Lee and Pocahontas 3 coals decreased with decreasing 
particle size, a trend opposite to the trend shown for the 
other four coals. The decrease was minimal for the Poca
hontas 3 coal, which adsorbed from 1.5 to 1.0 vol pct O2, 

over the size fractions tested. The decrease in the amount 
of O2 adsorbed by Mary Lee coal with decreasing particle 
size was much more pronounced; it fell from 8.7 to 1.9 vol 
pet O2, In summary, it was seen that the different coals 
interacted quite differently and uniquely with O2, 
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Table 4.-Average ga. compoaltlon. In sealed fla.k. containing dried coal .. mple. after 7 day. 

Coal 

sample 

Fraction Gas composition O2 

tested, I'm O2, CO2, 

vol pet vol pct 

No. 80 . . . . . . . . 1,200 by 600 0.2 0.06 
600 by 300 .4 .05 
300 by 150 .3 .09 
150 by 75 .6 .11 

1,200 by 600 1.2 .05 
600 by 300 1.7 .05 
300 by 150 1.7 .11 
150 by 75 .9 .14 

II!O. '3. . . . ... . 1,200 by 600 6.9 .06 
600 by 300 7.3 .07 
300 by 150 3.9 .13 
150 by 75 5.0 .13 

Pittsburgh 1,200 by 600 13.1 .07 
600 by 300 13.6 .06 
300 by 150 13.9 .07 
150 by 75 13.2 .08 

Mary Lee ...... 1,200 by 600 17.0 .04 
600 by 300 17.1 .04 
300 by 150 18.1 .04 
150 by 75 18.3 .04 

Pocahontas 3 ... 1,200 by 600 18.2 .05 
60Cl by 300 18.3 .05 
300 by 150 18.4 .06 
1 SCI by 75 18.6 .06 

! CO Index _ CO, ppm 
O2 adsorbed, vol pet' 

The next two gases of interest were CO2 and CO. 
These gases, together with water (H20), are generally 
accepted as the major gaseous oxidation products of coal. 
Although both CO and CO2 have been recommended for 
use as indicators of incipient combustion in coal mines, 
CO is the gas usually monitored in the mines, and the CO 
index is used at times as an indicator for heating events. 
The amount of CO2 released by the undried coals was in 
all the cases larger than the amount of CO released by 
them. And in all cases, the less O 2 adsorbed, the less CO 
and CO2 released. Also, the combined amounts of CO 
and CO2 emitted by the samples were much smaller than 
the amount of O2 adsorbed, in agreement with the results 
of other investigators. 

The effect of particle size on the amount of CO 
released by the undried fractions was mixed. The amount 
of CO released increased with decreasing particle size for 
the No. 80, F, and Pittsburgh coals. The amount of CO 
released by Pocahontas 3 coal was very small, and within 
experimental error, did not change with changing particle 
size. Results of CO released by the No. 6 and Mary Lee 
coals were mixed with respect to particle size, but in 
general, the amount decreased with decreasing particle 

CO, CH4, C2H6, adsorbed, CO Index! 
ppm ppm ppm vol pet 

2,800 12 0 20.8 135 
2,703 11 0 20.6 131 
3,153 15 0 20.6 153 
3,237 11 0 20.4 159 

3,483 '17 3 19.7 177 
3,727 14 1 19.2 194 
4,543 15 0 19.3 235 
4,660 12 0 20. 1 232 

1,460 22 3 14.1 104 
1,350 23 2 13.7 99 
1,777 26 2 17.1 104 
1,780 26 2 16.0 111 

785 10 1 7.8 101 
822 10 0 7.3 113 
752 20 1 7.1 106 
913 14 7.8 117 

419 556 8 4.0 105 
475 28 6 3.9 122 
396 10 3 2.9 137 
397 10 0 2.7 147 

239 3,360 2,184 2.8 85 
243 560 2,160 2.6 93 
331 14 536 2.6 127 
332 19 42 2.4 138 

size, with the exception of amounts of CO for the 600- by 
3OO-J1m size fraction. Amounts of CO2 released by Pitts
burgh, No.6, and Mary Lee coals decreased with decreas
ing particle size. The amount of CO2 released by the 
Pocahontas 3 coal was essentially the same for all the size 
fractions tested, while it increased slightly with decreasing 
particle size for No. 80 coal. Results were mixed for the 
F coal. 

In summary, a general trend was not found for either 
O2 adsorption or for the release of CO or CO2 by these six 
coals. Each coal behaved in a distinctive manner. 

Ratios of CO2 to CO were calculated for all the test 
samples. These ratios declined in value with decreasing 
particle size for all the undried samples, whereas the re
verse trend was found for four of the dried coal samples. 
The ratios for the dried Pittsburgh coal did not vary with 
particle size, and these ratios decreased with decreasing 
size for the dried Pocahontas 3 samples. During the prep
aration of the coal samples, it was noted that the amount 
of water in the samples decreased somewhat with grind
ing, as is expected. However, the amount of moisture re
maining in the undried coal samples was sufficient to re
tain the relatively large amounts of CO2' 



The ratio of CO emitted to 02 adsorbed, (CO-~02)' 
known as the CO index, has been proposed as a means for 
assessing the spontaneous combustion susceptibility of 
coals. In sealed flask tests with dried coals, CO index 
values > 180 were characteristic of coals most susceptible 
to self-heating (3). CO index values were calculated for 
the atmospheres in the sealed flasks with undried samples 
at the end of 7 days. Values lower than 100 were obtained 
for four coals-No.6, Pittsburgh, Mary Lee, and Poca
hontas 3-for all size fractions. Values for No. 80 coal 
were somewhat higher than 100. The highest values, rang
ing from 150 to 200, were obtained for the F coal, sug
gesting that of the six coals it was the most susceptible to 
self-heating. These values increased with decreasing par
ticle size for all but the No. 6 coal. Since test conditions 
including flask volume and particle size range varied fo; 
these two studies, only qualitative comparisons are valid. 

Results for O2 adsorption and gas release values for the 
dried samples were different in many respects from results 
obtained for the undried coals. Drying and/ or the flow of 
N2 through the samples during the drying phase essentially 
eliminated the CH4 and C2H6 from three of the coals (F, 
No.6, and Mary Lee) that emitted large amounts of these 
hydrocarbons in the undried state. The amounts of CH4 

and C2H6 released by the Pocahontas 3 coal were also re
duced to a great extent, especially for the fmer fractions. 
Likewise, the amounts of CO2 released by all six coals 
were sharply reduced, in most cases by about an order of 
magnitude. 

The dried No. 80 and F coals, like the undried samples, 
adsorbed almost all or all of the available 02 so that the 
effect of particle size could not be discerned. The 
amounts of O2 adsorbed by Pittsburgh and Pocahontas 3 
coals were slightly larger than the amounts adsorbed by 
their undried counterparts, and the effects of particle size 
were small. Slightly less O2 was adsorbed by the smaller 
particle sizes of both the dried and undried Pocahontas 3 
samples. Unexpectedly, the dried No.6 and Mary Lee 
coals adsorbed less O2 than the undried samples, especially 
the coarse size fractions. Also, for the Mary Lee coal, an 
inverse relation was found between O2 adsorption and 
particle size for both dried and undried samples. 

In summary, removal of moisture, CO2, and hydro
carbons, when present, by drying and/ or by flushing N2 
through the coal during the drying time, slightly increased 
02 uptake by the Pittsburgh and Pocahontas 3 coals, while 
decreasing O2 uptake noticeably for the No.6 coal and the 
coarse size fractions of Mary Lee coal, and to a lesser 
extent for the fmer size fractions of Mary Lee coal. 

The amounts of CO given off by the dried samples gen
erally increased for all six coals, as compared with the 
amounts given off by the undried samples, and in most 
cases they doubled. Also, except for the Pittsburgh and 
Mary Lee coals, the fmer size fractions of the other four 
coals emitted more CO than the coarse size fractions. The 

combined amounts of CO and CO2 released by all the 
dried samples were very much smaller than the amounts 
of O2 adsorbed. Finally, most CO index values were above 
100, and in general, they increased with decreasing particle 
sizes, as did the CO index values for the undried samples. 
The highest CO index values were again found for the F 
coal. 

Pressure Changes in Flasks 

In general, the quantities of the gases releaser by the 
coals due to 02 adsorption, namely COz, CO, and H 20 , 
were much smaller than the amounts of O2 adsorbed. 
Thus, it was thought that pressure measurements could be 
utilized for observing the quantity and rate of O2 adsorbed. 
As it turned out, four of the un dried coals emitted large 
amounts of hydrocarbons, and pressure changes inside the 
flasks containing these coals did not correspond directly 
with the changes in O2 concentration. 

When the coal samples were dried, most of the hydro
carbons were removed from the coals. In addition, the 
quantities of CO2 released were much smaller. Therefore, 
pressure changes in the flasks reflected the amounts of O2 
adsorbed. Average values of the pressure changes for the 
dried samples for periods of 24, 48, 72, and 168 h (~Pl' 
~z, ~P3' and ~P7' respectively) from the start of each test 
are presented in table 5 and are shown in figures 5 and 6 
for the 150 by 75 ~m and 1,200 by 600 ~m size fractions, 
respectively. The ~Pl ' ~Pz, and ~P3 values were evaluat
ed to determine if the propensity of a coal to self-heat 
owing to O2 adsorption could be identified within a rela
tively short time of 1, 2, or 3 days, or if 7 days would be 
required. 

Pocahontas 3 coal released up to 0.3 vol pct CH4 and 
0.2 vol pet C~6' even after it was dried. As a result, the 
presence of these gases. influenced the pressure reading 
slightly. The pressure drops indicated for the No. 80 and 
F coals, which adsorbed all the available °2, were some
what higher than the theoretical amounts, based on total 
adsorption of 02. Moisture adsorption from the air by 
these two reactive coals may have contributed to the high
er pressure change values. Ambient temperatures during 
these tests varied at times between 20° and 25° C. Vapor 
pressures of water in air at these temperatures van; be
tween 17.5 and 25.2 mm Hg, and these amounts are of the 
same order as denoted by the excess pressure readings, 
above the theoretical values for O2. The amount of mois
ture adsorbed by the less reactive coals was much smaller. 
Temperatures and humidity conditions could have been 
more strictly controlled, but the purpose of this study was 
to determine if a relatively simple and inexpensive O2 ad
sorption test would correlate with results of minimum SHT 
values for the corresponding coals. Such a test could be 
readily conducted at the mine site. 
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Table 5.-Averag. pressure changes In .. aled flasks containing 
dried coal samples after 1, 2, 3, and 7 day' 

Coal 

sample 

No. 80 .... ... 

t- .... .. ..... 

No.6 ...... •• 

Pittsburgh .... 

Mary Lee . .. .. 

Pocahontas 3 .. 

• No. 80 
o F 
t:;. No.6 

Fraction 

tested, /-1m 
1,200 by 600 

600 by 300 
300 by 150 
150 by 75 

1,200 by 600 
600 by 300 
300 by 150 
150 by 75 

1,200 by 600 
600 by 300 
300 by 150 
150 by 75 

1,200 by 600 
600 by 300 
300 by 150 
150 by 75 

1,200 by 600 
600 by 300 
300 by 150 
150 by 75 

1,200 by 600 
600 by 300 
300 by 150 
150 by 75 

KEY 
• Pittsburgh 
o Mary Lee 
.& Pocahont as 3 

Cl 200,-----------,-----.----,------,--- -,------,-----, 
:r: 
E 
E 
ll.." 
o 
rr: 
o 100 
w 
rr: 
~ 
(f) 
(f) 
w 
rr: 
a.. 

bPI 
133.4 
164.4 
135.7 
120.2 

163.6 
176.8 
146.6 
145.0 

50.4 
58.9 
73.7 
69.0 

45.0 
43.4 
?1 .7 
27.9 

45.0 
44.2 
32.6 
28.7 

34.1 
45.0 
41.1 
43.4 

Pressure change, mm Hg 

bP~ 
162.1 
186.1 
159.0 
145.0 

171.4 
179.9 
161.3 
171.4 

68.2 
76.8 
97.7 
91.5 

61.3 
58.2 
30.2 
37.2 

53.5 
51.2 
34.1 
30.2 

31.0 
40.3 
45:8 
48.1 

Cl 200 
:r: 
E 
E 150 

ll.." 
0 
rr: 
0 100 
w 
rr: 
~ 

50 (f) 
(f) 
w 
rr: 
a.. 

bP3 

175.3 
191.5 
169.8 
162.1 

171 .4 
179.9 
169.1 
169.1 

76.8 
85.3 

105.5 
100.0 

68.2 
62.8 
37.2 
45.0 

58.9 
56.6 
37.2 
33.3 

46.5 
55.8 
47.3 
48.9 

• No. 80 
o F 
t:;. No. 6 

bP7 

186.9 
193.9 
171.4 
166.0 

178.4 
186.9 
162.1 
163.6 

109.3 
117.9 
143.5 
138.0 

92.3 
84.5 
58.9 
67.5 

69.0 
67.5 
47.3 
44.2 

38.0 
45.6 
49.6 
52.0 

KEY 
• Pittsburgh 
o Mary Lee 
.& Pocahontas 3 

o 2 3 4 5 6 7 0 
TIME, days 

Figure 5.-Pressure drop. In sealed flasks as function of time 
for 150 by 75,.m fractions of dried coals. 

TIME, days 

Figure 6.-Pr.ssure drops In .. aled flasks as function of time 
for 1 ,200 by 600 ,.m fractions of dried coals. 
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STATISTICAL CORRELATIONS OF TEST RESULTS 

A multivariable linear regression analysis was conducted 
to determine if any correlation exists between the mini
mum SHT values found in the adiabatic oven tests and the 
various gases found in the atmospheres of the sealed flasks 
at thr end of 7 days. Correlations were sought for both 
the': dried and undried samples for each size fraction and 
for all sizes combined. If any correlation exists, then the 
sealed flask test procedure could be used to predict a 
coal's susceptibility to spontaneous combustion. 

The computational method used in the regression analy
sis was a forward stepwise regression model based on 
the method given by Draper (31). The computer software 
used in the analysis is described by BBN Research Sys
tems (32). The procedure involved inserting variables into 
the model in an order determined by using the partial 
correlation coefficient as a measure of significance. After 
the introduction of a variable in the model, an examination 
of the contribution made by each variable in the model 
was made using the F-test, and any variable making a 
nonsignificant contribution was removed. The process 
continued until no variables were added to or removed 
from the model. 

The variables used in the calculations were the amounts 
of O2 adsorbed, the concentration of CO, COz, and CH4 in 
the flasks at the end of the test periods, and the CO index 
values calculated for the same times. 

For the dried coal samples, the best correlation was 
found to be between the minimum SHT values determined 
in the adiabatic oven and the amounts of 0z adsorbed in 
the sealed flasks. Additionally, this correlation between 
minimum SHT values and amounts of O2 adsorbed was 
determined to be independent of particle size below 
1,200 J..'m: 

Size fraction, J.U1l 

1,200 by 600 ..... . 
600 by 300 ...... . 
300 by 150 ...... . 
150 by 75 ....... . 

All . .. .... . .. . 

Correlation coefficient 

0.996 
.973 
.995 
.987 
.986 

The resulting model for particle sizes < 1,200 J..'m was 

SHT min = 116.6 - (3.9 X vol pet 02 adsorbed). (1) 

This expression had a correlation coefficient of 0.986 with 
a standard deviation of regression of 1.04 and an average 
relative error of 6.0 pet. The minimum SHT's predicted 
ffoUl this model for the six coals are shown in table 6. 

Table 6.-Experlmental and predicted minimum SHrs, 
degree Celsius, for dried coal samples based 

on amounts of Oz adsorbed In 7 days 

No. 80 F No. 6 Pitts- Mary Poca-
burgh Lee hontas 3 

Experimental ..... 35 35 65 85 105 105 
Predicted,l fraction 

tested, I'm: 
1,200 by 600 . . 35 39 61 86 101 106 
600 by 300 .... 36 41 63 88 101 106 
300 by 150 . . .. 36 41 50 89 105 106 
150 by 75 . .. .. 37 38 54 86 106 107 

lBased on SHT min = 116.6 - (3.9 x vol pct O2 adsorbed) . 

As can be seen, the predicted results for all six coals 
agree quite well with the experimental values for all size 
fractions. A plot of the predicted versus the experimental 
SHT's for these coals, based on equation 1, is shown in 
figure 7. Based on these results, an O2 adsorption test in 
a sealed container can be developed that can utilize any 
particle size below 1,200 J..'m. 

A separate regression analysis was also conducted using 
the CO index as the dependent variable and the minimum 

u 
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t-=" 
:r: 
(f) 

Cl 
w 
~ 
u 
Cl 
w 
a::: 
a.. 
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40 
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Size fraction. po rn 

• 1,200 by 600 
<"> 600 by 300 
= 300 by 150 
'V I 50 by 75 

30~~~--~~--~~--~~~ 
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EXPERIMENTAL SHT,oC 

Figure 7.-Predlcted versus experimental minimum SHrs of 
six coals based on amounts of O2 adsorbed In 7 days. 
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SHT as the independent variable. The results are shown 
below: 

Size fraction, J.Un 

1,200 by 600 ..... . 
600 by 300 ...... . 
300 by 150 ...... . 
150 by 75 ....... . 

Co"eiation coefficient 
Dried Undried 

0.83 
.58 
.66 
.57 

0.84 
.83 
.66 
.60 

A poor correlation was found, and the correlation 
worsened with decreasing particle size. Thus, it appears 
that the CO index is not a reliable indicator of the 
susceptibility of a coal to self-heat. 

Another important correlation was that between pres
sure change in the flasks and O2 adsorbed by the coal. If 
the pressure change corresponded to the amount of O2 ad
sorbed by the coal, then it could be used to predict the 
minimum SHT of a coal. Correlation coefficients for the 
dried coals, for the four size fractions, as well as for all 
size fractions combined were obtained for pressure 
changes at the end of 7 days, tJ'7: 

Size fraction, J.Un 

1,200 by 600 ..... . 
600 by 300 ...... . 
300 by 150 ...... . 
150 by 75 ....... . 

All .......... . 

Co"eiation coefficient 

0.976 
.987 
.991 
.993 
.980 

Correlations improved with decreasing particle size, and 
the correlation coefficient for the combined samples was 
excellent (0.98). 

Finally, the most desired correlation was one between 
the minimum SHT and pressure change values. Pressure 
change data were available over the entire test period, so 
separate regression analyses were conducted using nP I. 
llP 2' llP 3' and llP 7 as the dependent variables and mini
mum SHT as the independent variable. The best fit was 
obtained for the llP 7 values, independent of particle size: 

SHTmin = 128.9 - (0.52 x mm Hg llP7). (2) 

The correlation coefficient for this model was 0.972, with 
an average relative error of 9.8 pet. The predicted 
minimum SHT's, based on equation 2, versus the experi
mental minimum SHT's, obtained in the adiabatic oven, 
are shown in figure 8. The scatter in the predicted SHT 
data is due mostly to the presence of moisture in the air 
during the tests, as discussed earlier. In addition, the 
pressure transducers are sensitive to changes in ambient 
temperature, which can introduce error. The correlation 
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Figure 8.-Predicted versus experimental minimum SHrs of 
six coals based on pressure change, AP7 . 

coefficients for llP[> llP2, and llP3, for all sizes, were 0.910, 
0.948, and 0.951, respectively. Hence, the correlation 
improved with test duration, and it is possible that a 
period < 7 days would be adequate to reliably predict the 
minimum SHT of a coal. 

Consequently, equation 2 can be used to predict the 
relative self-heating potential of coals. If llP7 is > 114 mm 
Hg, corresponding to a minimum SHT <70° C in the adia
batic oven, the coal would be assigned a high self-heating' 
potential; if llP 7 is between 56 and 114 mm Hg, corre
sponding to a minimum SHT between 70° and 100° C, the 
coal would be assigned a medium self-heating potential; 
and if nP7 is <56 mm Hg, corresponding to a minimum 
SHT > 100° C, the coal would be assigned a low self
heating potential. 

Correlation coefficients were also calculated for the 
undried samples using the same variables as for the dried 
samples. For these undried samples, a size dependence 
was found when correlating the minimum SHT values with 
the various gases. In addition, the resultant models were 
not only functions of the respective amounts of O2 adsorb
ed, but depended also on some of the other gases released 
by the coals over the 7 days. Accordingly, gas samples 
would be required at the end of the test, in addition to a 
total pressure drop measurement, to be a reliable 
predictor of the self-heating potential of a coal. 
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DISCUSSION 

ADIABATIC OVEN STUDIES 

The minimum SHT's of coal samples determined in the 
adiabatic oven have been used to rank the relative self
heating tendencies of coals (4). In general, the minimum 
SHT's of coals increase with increasing rank, which is 
related to the chemical composition of the coal. From the 
results in reference 4, a relative self-heating risk was 
assigned to coals based on the coal's minimum SHT. 

Although sealed flask tests have been conducted for 
many years, no relative assignment of self-heating risk 
based on the results has been made. Because the sealed 
flask tests are relatively simple to run compared with the 
expensive and time-consuming adiabatic oven test, an 
attempt was made in this study to correlate the results 
from the sealed flask tests with the relative self-heating 
tendencies of coals as determined in the adiabatic oven. 
If a correlation existed between the sealed flask results and 
the adiabatic oven results, a field-usable sealed flask 
apparatus could be designed. 

The six coals chosen for study were selected to cover 
the range of self-heating tendencies from high to low, as 
determined in the adiabatic oven. The coals were selected 
from the set of coals evaluated in reference 4. The results 
differed slightly from those found in that study, but were 
still in the range of tendencies desired. The largest 
difference was for the Mary Lee coal, which had a 
minimum SHT of 135° C in reference 4, compared with a 
minimum SHT of 105° C in this study, but still within the 
range of low self-heating tendency. This difference in 
these two experimental minimum SHT values is attributed 
to the variation of coal composition within the seam, which 
can be seen in comparing the coal analyses of the two 
samples. The Pocahontas 3 sample also had a minimum 
SHT of 105° C, compared with 110" and 115° C in the 
previous study (4). The F and No. 80 coals had minimum 
SHT's of 35° C, within 10" C of the results from the 
previous study, and the No.6 coal had a minimum SHT of 
65° C in this study, compared with 700 C in the previous 
study. These three coals had a high self-heating potential 
based on the adiabatic oven tests. Finally, the Pittsburgh 
coal had a minimum SHT of 85° C, compared with 90" C 
previously (4) and thus a medium spontaneous combustion 
potential. 

SEALED FLASK STUDIES 

Effect of Particle Size on Oxygen Adsorption 

The literature on the amount and rate of O2 adsorption 
as a function of particle size contains conflicting results. 
Evidently, the type of coal used and its method of 

preparation can influence the results to a large extent. 
Conflicting results are likewise seen in this study for the 
undried and dried Pittsburgh, Pocahontas 3, and Mary Lee 
coals. 

Undried Samples 

A particle size effect could not be discerned for No. 80, 
F, and No.6 coals. More O2 was needed to ascertain the. 
presence or absence of a particle size effect. To identify 
such an effect, tests should be conducted with smaller sam
ples or with larger flasks. The sample size of 50 g was 
chosen to give a representative sample of the coal in each 
test. The flask size was double the size used in earlier 
Bureau tests (3), and gas samples were not taken during 
the tests to minimize O2 depletion. 

The only coal that showed a clear effect of size on O2 

adsorption was Mary Lee, although the effect observed, 
whereby the finer particles adsorbed the least, was the 
reverse of the one expected. The same trend was seen for 
Pocahontas 3 coal, but to a much smaller extent. The one 
coal that showed the expected trend, however small, was 
Pittsburgh coal. The flasks were stationary and were not 
shaken during the tests, so perhaps only the exposed, 
upper surfaces of the coal samples adsorbed 0 2> while 
diffusion into the sample layer was slow. Yet, the first two 
size fractions (1,200 by 600 jjm and 600 by 300 jjm) were 
relatively coarse and air should have diffused easily 
through them. On the other hand, it is more probable 
that the outer surfaces of the coal particles are not the 
major adsorbing surfaces; rather, the inner surfaces of the 
micropores, which are probably the same for all the size 
fractions tested, are the adsorbing surfaces. When these 
micropores are filled or covered with an adsorbed 
monolayer or layers of water, the active sites are not 
available to react with O2• One other factor that may 
contribute to such results is the adherence of fine particles 
to the coarse particles, thereby increasing their total 
surface area. 

Dried Samples 

As with the undried samples, smaller samples of the 
dried No. 80 coal, or larger volumes of air, would have 
helped to clarify the presence or absence of a size effect 
on O2 adsorption. F coal appeared to have had enough 
02> but might also have adsorbed mOtre if available. With 
regard to the other four coals, only No. 6 showed the 
expected results, an inverse relationship between particle 
size and amount of O2 adsorbed. The reverse trend was 
found for the Pocahontas 3, Mary Lee, and Pittsburgh 
coals. The same explanations given with respect to the 
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results for the undried coals could be used for the results 
for the dried coals. Removal of moisture by drying should 
have emptied the micropores and uncovered the reactive 
sites. Apparently, the temperature of 67' C used in the 
drying step, together with flushing with N2, is not sufficient 
for the removal of the fmal amounts of surface water 
adsorbed on the walls of the fmer capillaries. Hippo (33) 
has shown that coals dried by conventional techniques 
retain tightly bound water and that the low rank coals 
retain more water than the higher ranked coals. Katz (34) 
reviewed results of some researchers regarding the effect 
of moisture on the amount of O2 adsorbed and indicated 
that the various conclusions were inconsistent and were 
influenced by the mode of drying. 

Unquestionably, the grinding and drying procedures 
used to prepare the coals can have a major influence on 
the adsorption and release of the various gases. Drying in 
vacuum is known to cause collapse of the micropores. 
Polat (35) measured the adsorption of O2 by coal using a 
microbalance. He utilized four fractions (minus 100- plus 
150-mesh, minus 200- plus 250-mesh, minus 300- plus 350-
mesh, and minus 100- plus 350-mesh), and a regression 
analysis of his results showed no particle size dependence. 
Polat stored and ground the coal in water and dried it in 
vacuum, which may have contributed to the collapse of the 
micropores. 

The effects of grinding on the results are also 
important. Coals typically contain various microlithotypes 
(vitrinite, inertinite, etc.), shaley material, and minerals. 
Each constituent has its own hardness and, as a result, its 
own characteristic grind ability. In many cases the fmes 
contain less ash than the coarse fractions (36), although 
the opposite has also been reported. If some of the 
minerals act as oxidation catalysts, their presence in 
greater abundance in the coarse fractions could explain 
some of the particle size effects on O2 adsorption. Also, 
coal has a low compressive strength and possesses some 
degree of viscoelasticity. These characteristics can cause 
agglomeration and pelleting during extensive grinding, 
which minimizes O2 adsorption by fme particles (37). The 
presence of different gases such as COl> CH4, and H2 
(hydrogen) in the coal affects its hardness to different 
degrees and, as a result, its grindability (38). And lastly, 
in tests in which heat of wetting and vapor adsorption on 
coal powders were measured, it was found that the usual 
methods of grinding did not produce an appreciable extent 
of new surfaces, while prolonged grinding in a ball mill 
created fresh internal and external surfaces and increased 
the adsorption abilities of the coal powders (39). 

These results suggest that in a sealed flask test the 
coarse size fraction will do well and may actually be more 
representative of the coal. 

Comparison With Results in Literature 

Coal preparation procedures, including grinding and 
drying methods, affect the O2 adsorption of coal. Test 
conditions also influence the amount of O2 adsorbed to a 
large extent. In dynamic test procedures in which a fresh 
flow of air continuously passes through the coalbed, the 
oxidation products (CO, CO2, and H20) are flushed out. 
These products, singly or in combination, have been cited 
as capable of inhibiting the oxidation reaction. Thus, in a 
static test in which these products accumulate inside the 
flask, a quasi-equilibrium is attained in a much shorter 
time. In a few tesLS in this study and in additional tests 
with other coals, in which the atmosphere inside the flask 
was exchanged with fresh air at the end of the test, the 
adsorption of O2 was resumed, though at a lower rate, in 
agreement with results of other researchers. For tills rea
son, the relative sizes of the reaction vessel and the sample 
also affect the amount of O2 adsorbed. 

Because all these parameters, as well as others such as 
the test temperature, O2 partial pressure, relative humidity 
of the test atmosphere, and the time at which samples are 
taken vary, it is difficult to compare the present results 
with those of others. According to results quoted by 
Winmill (11), the rate of O2 adsorption decreases more 
rapidly for fine coal particles, so that after a sufficient time 
has elapsed, both fme and coarse coal samples will have 
consumed the same amount of O2 (in weight percent) in 
a dynamic test setup. A characteristic rate of O2 adsorp
tion in air at ambient temperature, at a time when each 
sample has consumed 1 pct of its weight of O2, was 
proportional to the cube root of the specific surface area 
of the sample. This time is different for the different size 
fractions, and thus continuous and long-time monitoring is 
needed to obtain these data. In this study, gas samples 
were taken only once and at the same time for all the 
samples. To sum it all up, unless test conditions are very 
similar, only general comparisons can be made. 

Gases Released in Sealed Flasks 

There is much interest in the gases that are released by 
coals for the detection of incipient combustion, especially 
CO, CO2, and hydrocarbons, which are related to the state 
of the coal and its temperature. Mine air is continuously 
monitored, and changes in concentrations of some of these 
gases are used to detect incipient heating and fires in 
mines (40). 

Graham (41) was among the first to use ratios of gases 
adsorbed and released by coal for assessing and detecting 
the development of heatings in mines. He suggested the 
use of the following two ratios: (a) O2 adsorbed-CO 



produced and (b) CO2 produced-CO produced, for identi
fying changes in the temperature of the coal. The Bureau 
used the CO index (CO produced-02 adsorbed, the 
reverse of the Graham ratio) values to rank coals as to 
their relative propensities to self-heat. Dried coals with 
CO index values > 180 were suggested as having high self
heating potentials (3). 

In this study, the large quantities of CO2 and CH4 

released by the undried samples stand out as compared 
with the respective amounts given off by the dried samples. 
It would appear that CO2 is combined with the water in 
the coal in some way, and when water is removed, the CO2 

is removed with it. The solubility of CO2 in water is much 
higher than the solubilities of the other gases found in the 
sealed flasks. For comparison, volumes of gas soluble in 
one volume of water, at 1 atm partial pressure and 20° C, 
are as follows (42): 

Gas 

CO2 •.• •• • 

CO . . .. .. . 
O2 •• . •• •• 

N2 ...... . 
CH4 •••• •• 

Solubility 

0.872 
.023 
.031 
.016 
.033 

Schafer (43) has shown that at least for low rank coals, 
the moisture content of the coal is directly related to its 
carboxyl content, and these oxygen-containing groups exert 
a controlling influence on the adsorbed water. When 
water is removed from the coal, the broken hydrogen 
bonds that held the water may contribute to the release of 
CO2 from the -COOH groups (43). This indicates that a 
portion of the CO2 gases released by the undried coal is 
not due to the formation of CO2 by reaction of the O2 
adsorbed with the coal, but rather due to exchange and 
diffusion phenomena. These gases must have been present 
on the coal prior to the tests in the flasks. In adsorption 
tests with 1B()2-Ar atmospheres at ambient temperature, 
the amounts of CIB() and CIB()IB() released by Pittsburgh 
and Somerset (bituminous, Colorado) coals were minimal 

, 
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as compared with the amount of CI6()I6() evolved (Cl6() 
was not determined) (3). These results imply, as men
tioned above, that the gases des orbed by the coals have 
already been present on the coal before exposure of the 
samples to the test atmospheres. In addition to dissolution 
in water and the formation of carbonic acid (H2C03), it is 
generally agreed that CO2 also dissolves in coal itself (44). 
Measured surface areas of coals are much highei' when 
CO2 at 25° C is used as a probe than those found with N2 
at lo'.v temper3tu!'e, or with various solvents at ambient 
temperatures (45). 

During the coalification stages from cellulose and lignin 
to the various ranks of coal, CO2, CH4, and H 20 are 
formed. Some portions of these gases are retained in the 
coal and released when the virgin coal is broken. It is 
therefore not surprising to fmd the various coals releasing 
all kinds of gases, including CO2, CH4, CO, and H 20. For 
the coals that contained CH4, the amounts of CH4 

desorbed by them were much higher than the combined 
amounts of all the other gases. As to the effect of 
moisture in coal on CH4 content, it is found that the 
capacity of coal to sorb and hold CH4 is reduced by the 
presence of moisture (46). There is, though, a critical 
moisture content, characteristic of a coal, such that 
moisture in excess of this value has no further effect on 
CH4 adsorption (47). 

CO index values calculated for all the test samples show 
the following general trends: Values for dried coals are 
higher than for undried samples, and values for the fine 
size fractions are higher than for the coarse ones. Also, 
the two coals that adsorbed the largest amounts of O2 and 
released the largest amounts of CO had the highest CO 
indices. However, if the results from the tests with 
isotopic O2 are to be considered, then the amounts of CO 
released are not directly related to the amounts of O2 ad
sorbed, and hence are not an indication of a current coal 
oxidation and the resultant, associated self-heating. 
Instead, CO indices signal previous oxidations and/or an 
increase in coal temperature, not specifically due to 
oxidation. 

CORRELATION OF MINIMUM SELF-HEATING TEMPERATURE 
WITH OXYGEN ADSORBED AND PRESSURE DROP 

A good correlation was found between the minimum 
SHT values and the amounts of O2 adsorbed in the sealed 
flask tests, which was independent of particle size, for the 
dried samples as seen in equation 1. Thus, a sample of 
coal, crushed to < 1,200 jjm, and dried in an N2 atmos
phere, can be tested in a sealed flask, and the amount of 
O2 adsorbed in 7 days can be used to determine the 
minimum SHT value for the coal. Sampling of the 

atmosphere is not necessary; the change in pressure, read 
in millivolts by the miniature pressure transducer (and 
calculated to an equivalent value in millimeters of mer
cury), can be used to calculate the minimum SHT using 
equation 2. 

The results of correlations of minimum SHT and gase
ous atmospheres in the flasks for the undried coals were 
not as successful, in that a simple correlation between the 
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mmunum SHT and amounts of 0z adsorbed was not 
found. Instead, a separate correlation was obtained for 
each fraction, and the minimum SHT was found to be 
dependent on other gases, such as CO, CH4, C02> or 
combinations of these, in addition to Oz. 

One major reason for these results for the undried sam
ples was the large amount of CH4 released in the flasks by 
four of the six coals tested. However, when the coals were 
ground to finer sizes, especially to the finest fraction, most 
of the CH4 was released during the grinding and prepara
tion, and smaller amounts were found in the flasks. A 
second reason for the lack of correlation between the 
minimum SHT's and the sealed flask test results for the 
undried samples was that the No. 80, F, and No.6 coals 
adsorbed all the available 02> and may have adsorbed 
more, before reaching an equilibrium state. Had more 0z 
been available, the difference in reactivity between the 
No. 80 and F coals compared with the No. 6 coal may 
have been discerned and a better correlation may have 
resulted. 

The good agreement between the minimum SHT values 
and results found for the dried samples is understandable. 
The coal samples for both tests were prepared in the same 
manner; they were ground, sieved, and then dried at 6T C, 
in an Nz atmosphere for equal amounts of time. Accord
ingly, the coals underwent similar changes during the 
preparation phases. However, some unexpected results 
were observed for No.6 and the coarse fractions of Mary 
Lee. These samples adsorbed less Oz than the undried 
samples. Either these samples shrank during the drying 
phase and the pores collapsed, thus excluding 0z from the 
micropore structure, or the presence of water was more 
crucial for these two coals. These two coals contained the 
largest amounts of ash, 21.4 and 12.0 pet, respectively, of 
the six coals. Water and/or the inorganic compounds may 
act as catalysts for the coal oxidation and in the absence of 
either one or both, the oxidation rate is reduced. 

Another factor that contributed to the better correla
tion for the dried samples was the availability of a suf
ficient amount of 0z for adsorption by the coals. All the 
coals, with the exception of No. 80, attained equilibrium 
in the 7 days. In the case of the undried samples, three 
coals-No. 80, F, and No.6-probably would have ad
sorbed more Oz were it available. Lastly, another con
tributing parameter was the size of the sample. In the 
dried samples, 50 g of coal was present in each test. In 
the undried samples, the amounts of the coal substance 
itself varied, depending on the amount of moisture in each 
coal. 

To improve correlations for the undried samples, 
smaller samples of coal (e.g., 30 or 40 g) and/or larger 
flasks containing more Oz than these coals could adsorb 
are needed. 

Oxygen adsorption tests under similar static isothermal 
conditions were conducted by Chakravorty (48), with the 
goal of developing a simple test for classifying the liability 
of different coals to spontaneous combustion. For these 
tests, 5O-g samples were placed in containers of about 2 L 
in volume. To eliminate the effect of CH4, another 5O-g 
sample was placed in an equivalent container in an inert 
atmosphere. The differential pressure drop between the 
two containers was recorded, and head gas was analyzed 
after 96 h. The same coals were also tested in an 
apparatus to determine their CPT's. Because of some 
~male\JS CPT results for the high moisture coal samples, 
a correlation between pressure drop and CPT was not at
tempted. It is also not clear if the atmosphere in the con
tainer with the inert gas was tested, as well, to see if CH4 

was not released from the coal. In general, pressure drop 
values were deemed a good indicator of coal liability to 
spontaneous combustion. Chandra (25) reached the same 
conclusions regarding CPT, namely that it could not be 
used reliably to classify coals as to their proneness to . 
spontaneous combustion. 

CONCLUSIONS 

Tests were conducted in the adiabatic oven and in 
sealed flasks with a suite of six bituminous coals, which 
ranged from a low to a high self-heating potential. Both 
undried and dried samples of four particle size ranges 
were tested in the sealed flasks. 

An excellent correlation was found between the 
minimum SHT values, determined in the adiabatic oven, 
and the respective amounts of 02 adsorbed by the dried 
coals after 7 days of exposure, as shown in equation 1. 
This correlation was independent of particle size. 
Likewise, a good correlation was found between the 

minimum SHT values and the pressure changes in the 
flasks after 7 days, llP 7' using miniature pressure trans
ducers, as expressed in equation 2. 

Correlations were not found for the undried samples. 
The large amount of CH. released by four of the coals was 
partly responsible. A second factor was the lack of 
sufficient Oz required by the lower ranked coals to attain 
equilibrium in the flasks. 

Based on the results obtained in this study, a prototype 
sealed flask apparatus can be developed that can be used 
to predict the self-heating potential of a bituminous coal. 
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